A Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr(wt.%) alloy is subjected to a series of thermal and mechanical treatments involving solution treatment, artificial ageing to peak hardness, high pressure torsion (HPT) and a second artificial ageing. During HPT precipitates dissolve and during the final post-HPT ageing, the supersaturated solid solution decomposes and solutes segregate at grain boundaries. By employing this T6+HPT+T5 treatment, the hardness increases to 156±1 HV, which is much higher than that achieved by any other reported combination of thermal and thermo-mechanical processing of Mg alloys. The ultra-high hardness is due to the combined effects of solute segregation, grain refinement and high dislocation density.
solid solution treatment [9] and peak ageing [10] . It was also found that the degree of grain refinement depends strongly on fine coherent precipitates [9] [10] [11] .
In the Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr(wt.%) alloy, the dense nanosized β′-Mg7RE precipitates introduced by ageing before deformation strongly enhance grain refinement during HPT, and recently a mean grain size of ~33nm has been obtained, which is much finer than other HPT-processed Mg alloys [10] . During HPT processing of this alloy, the β′ phase precipitates are cut by the moving dislocations and gradually dissolve into the α-Mg matrix, resulting in the formation of a supersaturated solid solution, and thus it is expected that a post-HPT ageing treatment will further improve the mechanical properties. This work aims to produce exceptionally high hardness by a combination of HPT processing with ageing treatment using both before and after deformation, and the development of the microstructure is investigated.
The Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy used in this work was produced by direct-chill casting [12] , followed by a T6 treatment which involved solution heat treatment at 510 o C for 12 h and quenching, followed by ageing at 200oC for 48 h. This ageing caused the hardness to increase to ~116 HV due to the formation of fine β′ phase precipitates [13] .
Disks with diameter of 10.0mm and thickness of 1.0 mm were cut from the T6-treated alloy and mechanically polished to a final thickness of ~0.85 mm. 16 turns of HPT processing was conducted on these disks at room temperature under quasi-constrained conditions using a pressure of 6.0 GPa. During this processing the β′ precipitates dissolved and a nanostructured supersaturated solid solution with grain size of ~33 nm was achieved [10] . In order to further improve the mechanical properties, re-ageing at a low temperature of 120 o C was performed on the T6+HPTprocessed disk, producing a T6+HPT+T5 treatment.
The microstructure of the sample was observed by an FEI TitanG 2 60-300 ChemiSTEM transmission electron microscopy (TEM) equipped with a Super-X EDS detector and operated at 300 kV. The TEM sample was punched at a position 2.5 mm from the center of disk and then mechanically ground and ion milled to perforation. X-ray diffraction was performed using an X'Pert PRO X-Ray diffractometer (XRD) equipped with a graphite monochromator using Cu Kα radiation. The dislocation densities and crystallite sizes of the samples were deduced by analyzing the XRD line profiles via the Materials Analysis Using Diffraction (MAUD) software; details of this procedure were described in [10, 11, 14] . The Vickers hardness was measured using a Zwick microhardness tester under static load of 500 gf for 15 s. Each reported value represents the average of 8 indentations all at the half-radius of the disk. The electrical conductivity, g, during ageing was measured using a Sigma 2008B Eddy current conductivity meter. Fig. 1 shows the age-hardening curve and relative changes of electrical resistivity for the HPT-processed sample during ageing at 120 o C. The hardness first increases, and reaches a maximum of ~156±1 HV after 10 h, then decreases gradually. This peak-aged hardness is about two times that of the initial cast sample (~77 HV) [11] . The electrical resistivity is mainly determined by the dissolved alloying elements in the α-Mg phase [15] . With increasing ageing time, Such solute segregation and clustering will act as obstacles to grain growth and stabilize the nanosized grains by pinning the GBs. Other than these co-clusters, no precipitates are observed. HPT processing can induce abundant dislocations and significant grain refinement [7, 8] . Fig.1 shows that at the early stages of ageing (t<5 h), the conductivity increases linearly, which suggests that at this stage diffusion towards a linear object (e.g. a dislocation) is the main rate-determining mechanism involved in removal of solutes from the Mg-rich phase. caused solute segregation at GBs [19] . It is noted that there is no evidence for the presence of metastable phases in the present peak-aged T6+HPT+T5 Mg-Gd-Y-Zn-Zr alloy. Precipitation sequence modification by skipping the precursor metastable phases during ageing was also observed in various nanostructured
Al-Cu alloys processed by severe plastic deformation [20] [21] [22] .
In our previous research no segregation of solutes at GBs was observed in Mg-Gd-Y-Zn-Zr alloy processed by HPT at ambient temperature [9, 10] , but subsequent ageing did induce significant GB segregation. In the present T6+HPT+T5-processed material, the ageing to peak hardness occurs much faster than in the conventionally processed T6-treated Mg-Gd-Y-Zn-Zr material, where 48h at 200oC is required to reach peak hardness [13, 23, 24] . This is thought to be due to the high density of grain boundaries that are available for solutes to segregate to and cluster at, which is a process that unlike precipitate formation does not require the overcoming of an energy barrier associated with a critical nucleus, and thus is faster than classical precipitation. The RE elements have an effective atomic radius larger than Mg whereas the atom radius of Zn is smaller, thus elastic strain energy due to the substantial size misfit between Mg and solutes provides a driving force for the solute segregation at GBs and clustering during ageing. Whilst further analysis (e.g. of entropy effects)
is needed, these size effects and their related changes in elastic deformation energy are thought to be the main factors involved in reduction of total free energy in the system at this stage.
We can show that diffusion of the solutes is sufficiently fast to allow significant diffusion of solutes to the grain boundaries in the following way.
The temperature-dependent diffusion coefficient D of solutes is estimated by [25] :
where D0 is a pre-exponential factor, Q is the activation energy, T is the absolute temperature and R is the gas constant. As the diffusion coefficient of Gd is the lowest of the major alloying elements in our alloy [25] , Gd diffusion is expected to be the rate-limiting factor for the segregation behavior during ageing. The effective distance of mass transfer approximately equals the diffusion length L, which can be evaluated from [26] :
where t is ageing time. The pre-exponential factor and corresponding activation energy for Gd along the aaxis of the Mg rich phase are 1.27×10 -9 m 2 /s and 79.27 kJ/mol respectively, while along the c-axis the values are 1.79×10 -9 m 2 /s and 81.69 kJ/mol respectively [25, 27] . For Gd diffusion during ageing for 10 h at 120 o C, L is then calculated to be about 60-72 nm, i.e. the diffusion length is similar to (somewhat larger than) the α-Mg matrix grain size of 35±2 nm. In fact, due to the substantial dislocations and vacancies created by HPT, the solute diffusion is expected to be accelerated.
This means that at 120 o C the atomic mobility of solutes is sufficient to allow most of them to transport from the grain interiors to the GBs within 10 h, which further indicates that the segregation and clustering of solutes at the GBs and triples is the key process involved in age hardening in this T6+HPT+T5 treatment.
As shown in Fig. 1, the 0.002 at.% Zn as obtained from phase diagram [9] . The results for these model predictions are presented in Fig.   4(a) , and they show that the hardness contributions from grain size, dislocations and solid solution in the T6+HPT+T5-processed sample are lower than those of the T6+HPT-processed sample by ~2 HV, ~3 HV and ~25 HV respectively. This indicates that the solute segregation at and co-clusters near GBs contribute an increase in the hardness of ~52 HV at the peak aged state.
The peak-age hardness of HPT-processed Mg-RE alloys reported in the literatures [33] [34] [35] [36] [37] are summarized in Fig. 4(b) . This figure This study Mg-Gd-Y-Zn-Zr [37] Mg-Y-Gd-Zr [35] Mg-Gd [34] Mg-Tb-Nd [33] Mg-Nd [33] Different Mg-RE alloys deformed by HPT Hardness / HV (b) Fig. 4 (a) Contributions of grain refinement, dislocations and solid solution to hardness for T6+HPT-processed and T6+HPT+T5-processed Mg-Gd-Y-Zn-Zr; (b) Comparison of average hardness in different Mg-RE alloys processed by HPT at room temperature and subsequently peak ageing [33] [34] [35] [36] [37] .
In summary, high pressure torsion at room temperature is performed on a peak-aged Mg-Gd-Y- 
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